We present a quantitative analysis of the absorption and luminescence of colloidal PbSe/CdSe core/shell quantum dots (QDs). In absorption, both the energy and the oscillator strength of
the first exciton transition coincide with that of plain PbSe QDs. In contrast, luminescence lifetime measurements indicate that the oscillator strength of the emitting transition is reduced by at least a factor of 4 compared to PbSe core QDs. Moreover, the addition of an electron scavenger quenches the PbSe/CdSe emission, while a hole scavenger does not. This implies that the electron wavefunction reaches the QD surface, while the hole is confined to the PbSe core. These observations are consistent with calculations based on the effective mass model, which show that PbSe/CdSe QDs are at the boundary between the type-I and quasi-type-II regime, where the electron spreads over the entire nanoparticle and the hole remains confined in the PbSe core. However, as this only leads to a minor reduction of the oscillator strength, it follows that the drastic reduction of the oscillator strength in emission cannot be explained in terms of electron delocalization. In combination with the increased Stokes shift for PbSe/CdSe QDs, this indicates that the emission results from lower energy states that are fundamentally different from the absorbing states.
Compared to plain core quantum dots (QDs), core/shell QDs offer an enhanced stability and tunability of the optical and electronic properties. This difference arises from the spatial distribution of electron and hole wave functions in the QD heterostructures. Based on the bulk band alignment and the effective mass theory in a quantum confined heterostructure, three regimes of core/shell QDs can be distinguished, depending on the localization of the charge carrier wave functions (see Figure 1 ). In a type-I localization regime, the electron and hole are both localized in the core, resulting in chemically stable and well passivated QDs with high photoluminescence (PL) quantum yield (QY). In a type-II regime the electron and hole are spatially separated. In a quasi-type-II 1 localization regime, one of the carriers is fully delocalized, while the other remains localized. As amply demonstrated with QD heterostructures emitting in the visible, this opens up new possibilities for engineering the intrinsic opto-electronic properties of nanomaterials. For instance, a five-fold reduction of the gain threshold was demonstrated with CdS/ZnSe dots, due to repulsive biexciton interaction of spatially separated excitons. 2 Similar effects, combined with a decrease in the Auger recombination rate were observed for CdTe/CdSe QDs. 3, 4 For CdSe/CdTe heteronanocrystals 5, 6 and ZnTe/ZnSe QDs, 7 long radiative lifetimes, indicative of charge separation, and a strong redshift of the exciton transitions were reported. Figure 1: Core/shell QDs can be divided in three types, depending on the localization of the electron and hole wave function. In type-I, electron and hole are confined in the same region (either core or shell), in type-II, they are spatially separated. In a quasi-type-II one carrier is fully delocalized over the entire volume and one is localized in one region.
Results & Discussion
Previous work on colloidal type-II heteronanocrystals has focused primarily on compositions emitting in the visible spectral range. Colloidal core/shell heterostructures active in the near-infrared wavelength range (1000-3000 nm, NIR) have been scarcely investigated. For example, it has been recently shown that PbSe/PbS core/shell QDs with outer diameters below 10 nm behave like single composition QDs, where electron and hole are delocalized over the entire heterostructure. 8 Colloidal synthesis techniques were recently extended to concentric PbX/CdX (X=S, Se, Te) core/shell QDs. 9, 10 In this work we focus on PbSe/CdSe QDs, investigating their carrier distribution by absorption and photoluminescence (PL) spectroscopy and attempt to understand the electronic nature of the lowest absorbing and emitting states.
PbSe/CdSe core/shell QDs were made by cation exchange on PbSe QDs as described by Pietryga et al. 9 The cation exchange does not alter the total QD size and original size distribution, 11 and yields PbSe/CdSe core/shell QDs with tunable core size and shell thickness. This is corroborated by the absorption spectra (see Figure 2a) , which show an increasing blueshift with increasing exchange time. The blueshift can be attributed to the shrinking of the PbSe core and the simultaneous increase of the CdSe shell thickness. Using high resolution transmission electron microscopy (HR-TEM), we showed that the cation exchange process is quite anisotropic, 11 partially leading to particles with eccentric and non-spherical cores. This heterogeneity accounts for the broadening of the absorption and PL spectra with increasing exchange time (see Figure 2a) . 
Relation between Absorption Energy and Core Diameter
Knowledge of the core diameter and shell thickness is important for the present study of the QD optical and electronic properties. Although HR-TEM can be used for this purpose, it is not a practical technique for the analysis of a large number of samples in a short time span. Moreover, even when the boundary between core and shell can be distinguished, it is not clear whether to place it on a cation or anion plane. Therefore, we measured the Pb/Se ratio of the original PbSe core QDs and of the derived PbSe/CdSe QDs by TEM-based energy dispersive x-ray spectroscopy (EDX). Since the Se-content stays constant, we can calculate the amount of Pb in the PbSe/CdSe core, taking the nonstoichiometry 12,13 of the parent PbSe QDs into account (see Supporting Information). Since the stoichiometry of the core is not known, we assume the PbSe core is terminated by Pb-planes and therefore has the stoichiometry of PbSe QD with the same diameter. This effective diameter for the PbSe core, determined with EDX, is in good agreement with the diameter determined using the PbSe QD sizing curve 12 (see Figure 2b) . It shows that the Pb content of the PbSe/CdSe QD determines the bandgap and hence we justify using the PbSe QD sizing curve to estimate the PbSe effective core diameter in PbSe/CdSe core/shell QDs.
Absorption Oscillator Strength
The first exciton transition is characterized by its energy and its oscillator strength f i f ,abs . To obtain the oscillator strength, the spectrum of the absorbance (A) must be converted into the spectrum of the molar extinction coefficient ε. For this, the QD concentration c and the cuvette length L are needed (Beer's law):
Hence, under the assumption that the concentration of PbSe QDs before exchange, which can be calculated from their absorption spectrum, 12 does not change during shell growth, the spectrum of ε is readily obtained from the absorbance spectrum of a PbSe/CdSe suspension.
Having the ε spectrum for PbSe/CdSe QDs with different shell-volume-to-total-QD-volume ratios (V sh /V QD ), f i f ,abs can be calculated from the energy-integrated molar extinction coefficient ε gap of the first exciton transition, in analogy with calculations for PbSe 12 and PbS 16 QDs:
Here, 0 stands for the permittivity of the vacuum, c is the speed of light, m e the electron mass, n s 14, 15 (empty blue markers) and PbSe/CdSe QDs (empty red markers) as a function of the core diameter. The red squares are values for PbSe/CdSe with a total diameter of 6.09 nm, the red dots a total diameter of 5.83 nm and the red triangles a total diameter of 4.57 nm.
The full red curve is a Boltzmann model of the emission oscillator strength for two states separated by the experimentally determined Stokes shift.
in the case of a core/shell particle:
Using ε c = 25.7 18 and ε sh = 8.3, 19 we find that | f LF | 2 gradually increases from the value for PbSe
QDs to the value for CdSe QDs with increasing shell thickness (see Figure 3a) . Because of the significant broadening of the first exciton peak at long reaction times, PbSe/CdSe QD samples were fitted with a double exponential, a stretched exponential function and a lognormal distribution of decay rates. 21 The stretched exponential function and the lognormal distribution resulted in a much poorer fit than the double exponential function. For all samples, the double exponential fit yields two decay constants differing by about a factor of 10. However, the intensity (area under decay curve) of the slow decay was 5 to 20 times higher than the intensity of the fast decay. For this reason, we will focus our analysis on the slow component of the decay. the QY of each sample. In that case, the radiative lifetime τ rad follows from:
Since we are not able to determine the absolute QY, we cannot determine the τ rad of the QDs. 
Dielectric screening will affect the radiative lifetime. Therefore we correct for this local field effect with f LF . While the absorption oscillator strength is the sum of the transition strengths of all exciton states f k :
the emission oscillator strength is, taking into account possible splitting between the states, a Boltzmann weighted average of the transition strength of each exciton state: 23
Effectively, this yields the average transition strength of the states that contribute to emission.
Since emission comes from radiative decay of a single exciton, which occupies only one of all possible ground exciton states, and absorption involves all exciton states, we multiply in Eq. (5) by the total number of exciton states g = 64 to obtain a total emission oscillator strength. This is equivalent to compressing the fine structure to one single emitting state with degeneracy g and oscillator strength f i f ,em . 
PL Quenching
The quantitative analysis of the absorption and luminescence data yields contradictory outcomes.
While the energy and the absorption oscillator strength of the band gap transition in PbSe/CdSe are indicative of a type-I localization regime, the sensitivity of the emission QY and the increase in exciton lifetime associated with a decrease in emission oscillator strength suggest that one of the carriers is delocalized over the entire QD (quasi-type-II) or even localized in the CdSe shell (type-II). To pinpoint the localization regime, we added dodecanethiol (DDT), a well-known hole scavenger for CdSe 24, 25 and PbSe 26, 27 and methyl viologen (MV 2+ ), an electron scavenger, 28, 29 to PbSe/CdSe suspensions and analyzed their effect on the photoluminescence.
Adding DDT (150µM) to a PbSe/CdSe suspension (see Supporting Information) does not affect the QY (Figure 5a ). It redshifts the emission spectra by 20-40 nm (see Figure 5b ), indicating interaction of at least one of the charge carriers with the surface. 30, 31 In contrast, addition of DDT to a PbSe QD sample resulted in significant quenching of the PL. Methylviologen dichloride was dissolved in isopropanol (IPA) and the MV 2+ /IPA mixture was added in a 1:33 (v:v) ratio to obtain a 150µM MV 2+ concentration. As a reference, we added the same amount of pure IPA to an identical QD sample, which resulted in a 50% drop of the QY. Adding the MV 2+ mixture however immediately quenches the PL signal to values below the detection limit (Figure 5c and Figure 5d ).
The same result was obtained for a PbSe QD reference sample. This shows that PbSe/CdSe QDs emit from a state in which the electron wave function reaches the surface and the hole wave function is well confined to the core. It confirms that PbSe/CdSe are in the (quasi)-type-II localization regime. The delocalization of the electron will reduce the wavefunction overlap to some extent.
However, these measurements are not sufficient to conclude that this reduction in overlap fully accounts for the reduction in emission oscillator strength. In addition, they do not explain why the absorption oscillator strength essentially remains unchanged. This criterion can best be appreciated by means of the square of the wavenumber for electron (k 2 e ) and hole (k 2 h ):
Here, V e,h denotes the potential (i.e., the position of the bulk energy bands) in each region and m e,h the effective mass for electron and hole. If k 2 is negative, the wavenumber is imaginary, resulting in an exponentially decaying wave function. Provided that the characteristic decay length k −1 is sufficiently small, this means that a charge carrier is preferentially found in that region of the heterostructure where k 2 is positive and the resulting wave number is real. Hence, looking at binary heterostructures, we talk about type-I regime, if k 2 e and k 2 h have the same sign in each region of the heterostructure. For type-II regime, k 2 e and k 2 h have opposite sign in every region. Finally, for quasi-type-II regime, k 2 e and k 2 h have the same sign in one of the regions, and opposite sign in the other region (see Figure 6a ).
According to Michaelson, 36 bulk PbSe and CdSe have a type-I bulk band alignment with a valence band offset of 0.78 eV and conduction band offset of 0.70 eV. Using the effective masses of PbSe and CdSe as summarized in Table 1 , we obtain the wave function of a PbSe/CdSe QD with a core radius of 1.5 nm and a shell thickness 1 nm as plotted in Figure 6b . Due to the difference in effective mass between electron and hole in CdSe, we find that the electron wave function spreads throughout the entire QD, while the hole wave function is confined to the core. Taking the band offset ∆ as an adjustable parameter, we find that PbSe/CdSe QDs are at the boundary between the type-I and quasi-type-II regime. The overlap integral slightly drops from a value close to one for large band offsets to about 0.8 when ∆ equals zero. Since the overlap integral is directly proportional to the oscillator strength, this confirms the experimental result that f i f ,PbSe/CdSe,abs does not significantly differ from f i f ,PbSe,abs .
Eventhough there is only a small reduction in overlap, the electron wavefunction does have a non-zero value at the QD outer surface, while the hole wavefunction is negligible at the QD outer surface. This overall picture is confirmed by the PL quenching experiments, which show that the electron is transferred to the electron acceptor at the surface, while the hole does not transfer to the hole acceptor.
This simple model fails to explain why f i f ,PbSe/CdSe,em is reduced. The fact that the QY of PbSe/CdSe QDs is comparable to and often higher than that of PbSe QDs and the clear dependence of f i f ,PbSe/CdSe,em on the QD diameter indicate that this is most likely an intrinsic PbSe/CdSe QD property, and not an artefact due to surface-state mediated radiative recombination. Therefore, it suggests that the fine structure of PbSe/CdSe QDs, which our model cannot resolve, is more complex. Looking at Eq. (4) and Eq. (5), f i f ,abs and f i f ,em will only differ significantly, when (a) the energy splitting is much larger than the thermal energy kT and (b) the emitting states have a much lower oscillator strength than the absorbing states. Therefore, the band edge emission in PbSe/CdSe QDs comes from states, that are fundamentally different from the bright absorbing states.
Stokes shift
A splitting of the band edge in a lower energy dark and higher energy bright state due to the exchange interaction was predicted for PbSe QDs by An et al. 23 This so-called exchange splitting however is only between 0 and 20 meV. Hence, at room-temperature these states are both populated due to thermal excitation, resulting in similar values for f i f ,PbSe,abs and f i f ,PbSe,em . According to An et al., 23 the exchange splitting, together with the intervalley splitting, explains the nonresonant Stokes shift in PbSe QDs. Figure 6 shows the Stokes shift of PbSe QDs (blue squares) and PbSe/CdSe QDs (red dots) as a function of absorption energy or core size. Our values for PbSe QDs extrapolate well to the theoretical values reported for small QDs. 23, 37, 38 Like the band gap energy, the PbSe/CdSe QD Stokes shift depends only on the core size, but it exceeds that for PbSe QDs by 50 to 100 meV. For small cores, it reaches a value of 200 meV.
The molar extinction coefficient at energies well above the bandgap is typically volume dependent for colloidal QDs. Therefore a broad size distribution can result in a shift in the PL spectrum, because larger particles are excited more than smaller particles. For PbSe/CdSe QDs, we recently showed that the molar extinction coefficient is largely dependent on the total QD volume. 39 Since the total volume and total size dispersion remain constant for these QDs throughout the exchange procedure, 9 we expect an increase in the Stokes shift due to non-uniform excitation of maximum 10 meV for the most broadened sample. The large Stokes shift is therefore not an artefact of size broadening, but due to an intrinsic physical effect. Increased splitting in the fine structure will according to Boltzmann statistics result in an increased Stokes shift. Hence, it confirms that the band edge emission results mostly from lower energy states with reduced oscillator strength as compared to the higher energy absorbing states.
This fine structure cannot be understood without extensive modelling. The nature of the interface, both in the real and in the reciprocal lattice (the band edge states are around the L-point for PbSe and the Γ-point for CdSe) probably has a strong influence on the electronic properties of these heterostructures. This could result in increased exchange and intervalley splitting, or might induce states at the PbSe/CdSe interface. For PbTe/CdTe however, theoretical calculations did not yield such interfacial states, 40 because the atomic structure of the lattice at the interface is virtually unperturbed.
Our results indicate that PbSe/CdSe QDs might have potential for applications in near infrared light sources, provided that further theoretical and experimental work reveals more of the intrinsic physical properties. In PbSe QDs the multi-exciton emission from the band edge, which at room temperature is essentially 8-fold degenerate, competes with the ps non-radiative Auger process.
In PbSe/CdSe QDs, the emission comes mainly from lower energy states with much lower oscillator strength. If these states are non-degenerate, like the lowest dark state of PbSe, 23 
Conclusion
In conclusion, we show that both the energy and the absorption oscillator strength of the first absorption peak in PbSe/CdSe quantum dots follow the same trend with core diameter as PbSe QDs.
On the other hand, PL lifetime measurements yield an oscillator strength in emission that is reduced by at least 75%, compared to the PbSe/CdSe oscillator strength from absorption and the PbSe QD oscillator strength in absorption and emission. Moreover, the addition of an electron scavenger leads to a complete quenching of the PbSe/CdSe QD PL, while a hole scavenger does not. These results can be rationalized by an effective mass model that depicts a PbSe/CdSe QD as a quantum confined heterostructure at the boundary between a type-I and a quasi-type-II localization regime.
They show that the absorbing states essentially remain unchanged by the addition of a CdSe shell.
However, they do not explain the reduction of the oscillator strength of the band gap emission. In combination with the significantly increased Stokes shift, we conclude that the band gap emission and toluene were all of quality "for synthesis" and were ordered from VWR.
PbSe synthesis
Monodisperse colloidal PbSe QDs were synthesized by a high-temperature synthesis developed by Murray et al. 41 The ligand shell consists of oleic acid (OA), as shown by nuclear magnetic resonance spectroscopy. 20 PbSe/CdSe cation exchange PbSe/CdSe core-shell QDs were synthesized starting from PbSe core QDs by means of a cation exchange reaction. 9 In this reaction, Cd-oleate (0.3M stock solution) is added to a PbSe QD suspension in toluene at 100 • C (the typical Pb:Cd ratio used is 1:10). After 40 minutes, the reaction is quenched using a mixture of MeOH and BuOH (1:2) and precipitated twice.
Determination of the core diameter and concentration
The absorbance spectra are measured with a Perkin-Elmer Lambda 950 UV/VIS/NIR spectrophotometer. We use a black walled self-masking microcell with a path length of l = 1 cm. The absorption diameter is determined from the spectral position of the first absorption peak and the PbSe sizing curve. 12 For the determination of ε, care is taken to recover all QD material from the cation exchange step and resuspend the resulting PbSe/CdSe core/shell QDs in the same volume.
We assume the concentration of this suspension to be identical to the concentration of the PbSe QD parent suspension. Equal volumes are then taken, dried and dissolved in C 2 Cl 4 to measure the absorbance A. After converting the absorption spectrum to a molar extinction coefficient spectrum, the first peak was integrated on an energy scale between the low energy onset of the first absorption peak and the maximum of first absorption peak. This value was doubled to obtain the values for ε gap .
Steady-state PL
The steady state PL is measured using an Edinburgh Instruments FS920 PL setup and excited at 400 nm using a 500W Xenon lamp, coupled to a monochromator. The PL is measured using a liquid N 2 cooled Ge detector, coupled to a monochromator. The PL spectra are corrected for detector and grating efficiency. The absorbance at 400 nm is kept below 0.1 cm −1 to avoid inhomogeneous spatial excitation and reabsorption. For more information on the determination of the relative QY, we refer to the Supporting Information.
Time-resolved PL
Luminescence decay curves were recorded under pulsed excitation with a Spectra-Physik LPD3000 dye laser at 480 nm pumped by a Lambda Physik LPX excimer laser. The Multi Channel Scaling (MCS) option integrated in the FLS920 spectrofluorometer was used to record the luminescence decay curves, using the IR-sensitive Hamamatsu R5509-72 photomultiplier tube. We 
Determination of the Stokes shift
The PL spectrum was converted to an energy scale with the appropriate correction and fitted using a gaussian curve. The absorption spectrum was fitted on an energy scale using a gaussian curve and a polynomial background function. The Stokes shift was determined as the difference between the absorption energy and the luminescence energy from the fitting procedures.
Supporting Information Available
Techniques used for calculation of the size from EDX, the QY and Stokes shift. Fits to the absorption spectrum, along with fitting data. Details on the effective mass model. 
